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(57) ABSTRACT

A semiconductor device includes an active region on a
substrate extending in a {irst direction, the active region
having an upper surface and sidewalls, a plurality of channel
layers above the active region to be vertically spaced apart
from each other, a gate e¢lectrode extending 1n a second
direction to intersect the active region and partially sur-
rounding the plurality of channel layers, and a source/drain
region on the active region on at least one side of the gate
clectrode and 1n contact with the plurality of channel layers,
and extending from the sidewalls of the active region having
a major width in the second direction 1n a first region
adjacent to a lowermost channel layer adjacent to the active
region among the plurality of channel layer.
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1
SEMICONDUCTOR DEVICES

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application 1s a Continuation of U.S. application Ser.

No. 16/734,5377, filed on Jan. 6, 2020, which claims benefit
of prionity to Korean Patent Application No. 10-2019-

00616778 filed on May 27, 2019 1n the Korean Intellectual
Property Office, the disclosure of each of which 1s 1mcorpo-
rated herein by reference in 1ts entirety.

BACKGROUND

The present disclosure relates to a semiconductor device.

As demand for high-performance, high-speed, and/or
multifunctional semiconductor devices increases, the degree
ol mtegration of semiconductor devices has also increased.
In the manufacturing of semiconductor devices having
micropatterns in lime with a trend for high degrees of
integration 1n semiconductor devices, 1t may be advanta-
geous to 1mplement patterns having relatively fine widths
and/or spacings. Various eflorts to develop semiconductor
devices, including three-dimensional channels, have been
made to overcome limitations in operating characteristics
resulting from miniaturization and/or reduction of planar

metal oxide semiconductor FETs (MOSFETS).

SUMMARY

Example embodiments provide a semiconductor device
having improved electrical characteristics.

According to an example embodiment, a semiconductor
device mcludes an active region on a substrate extending 1n
a first direction, the active surface having an upper surface
and sidewalls, a plurality of channel layers disposed on the
active region to be vertically spaced apart from each other,
a gate electrode extending 1n a second direction to intersect
the active region and partially surrounding the plurality of
channel layers, and a source/drain region on the active
region on at least one side of the gate electrode and in
contact with the plurality of channel layers. The source/drain
region extends from the sidewalls of the active region and
has a widest local width at the major width 1n the second
direction 1n a {first region adjacent to a lowermost channel
layer adjacent to the active region among the plurality of
channel layer.

According to an example embodiment, a semiconductor
device icludes an active region extending on a substrate 1n
a first direction, first and second channel layers sequentially
vertically spaced apart from each other above the active
region, a gate electrode extending 1n a second direction to
intersect the active region on the substrate and surrounding
the first and second channel layers, and a source/drain region
on the active region on at least one side of the gate electrode
and disposed to be in contact with the first and second
channel layers. The source/drain region has a first major
width 1n the second direction 1n a region adjacent to the first
channel layer and has a second major width, less than the
first major width, in the second direction 1n a region adjacent
to the second channel layer.

According to an example embodiment, a semiconductor
device icludes an active region extending on a substrate 1n
a first direction, the active region having an upper suriace
and sidewalls, a gate electrode extending 1n a second direc-
tion to intersect the active region on the substrate, a plurality
of channel layers on the active region to be vertically spaced
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2

apart from each other in a region 1n which the active region
and the gate electrode intersect each other, spacer layers on
the sidewalls of the active region 1n the second direction and
exposing the upper surface and portions of the sidewalls of
the active region, and a source/drain region on the active
region on at least one side of the gate electrode and in
contact with the plurality of channel layers. The source/drain
region extends from the sidewalls of the active region,
exposed by the spacer layers, to be inclined with respect to
an upper surface of the substrate to have a width extending
from both sides of the active region.

BRIEF DESCRIPTION OF DRAWINGS

The above and other aspects, features, and advantages of
the present disclosure will be more clearly understood from
the following detailed description, taken 1n conjunction with
the accompanying drawings, in which:

FIG. 1 1s a top view of a semiconductor device according,
to example embodiments;

FIG. 2 1s a cross-sectional view of a semiconductor device
according to example embodiments;

FIGS. 3A and 3B are a top view and a cross-sectional
view ol a semiconductor device according to example
embodiments, respectively;

FIG. 4 1s a cross-sectional view of a semiconductor device
according to example embodiments;

FIGS. 5A to 5C are cross-sectional views of a semicon-
ductor device according to example embodiments;

FIG. 6 1s a cross-sectional view of a semiconductor device
according to example embodiments; and

FIGS. 7A to 7] are cross-sectional views illustrating a
method of manufacturing a semiconductor device according
to example embodiments.

DETAILED DESCRIPTION

Heremaftter, example embodiments will be described with
reference to the accompanying drawings.

FIG. 1 1s a top view of a semiconductor device according,
to example embodiments.

FIG. 2 1s a cross-sectional view of a semiconductor device
according to example embodiments. FIG. 2 illustrates cross
sections taken along lines I-I', II-II', and III-III' of the
semiconductor device of FIG. 1. For brevity of description,
only main components of the semiconductor device are
illustrated 1n FIGS. 1 and 2.

Referring to FIGS. 1 and 2, a semiconductor device 100
may include a substrate 101, active regions 105 on the
substrate 101, channel structures 140, each including a
plurality of channel layers 141, 142, and 143 disposed on the
active regions 105 to be vertically spaced apart from each
other, source/drain regions 150 1n contact with the plurality
of channel layers 141, 142, and 143, gate structures 160
extended to imtersect the active region 105, and/or contact
plugs 180 connected to the source/drain regions 150. The
semiconductor device 100 may further include 1solation
layers 110, internal spacer layers 130, and/or an interlayer
insulation layer 190. The gate structure 160 may include a
gate dielectric layer 162, a gate electrode 165, spacer layers
164, and/or a gate capping layer 166.

In the semiconductor device 100, the active regions 105
may have a {in structure, and the gate electrode 165 may be
disposed between the active region 105 and the channel
structure 140 and between the plurality of channel layers
141, 142, and 143 of the channel structures 140. Accord-

ingly, the semiconductor device 100 may include a
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MBCFET™ (Multi Bridge Channel FET) formed by the
channel structures 140, the source/drain regions 150, and the
gate structures 160.

The substrate 101 may have an upper surface extending in
an X direction and a y direction. The substrate 101 may
include a semiconductor material such as a group IV semi-
conductor, a group III-V compound semiconductor, or a
group 1I-VI compound semiconductor. For example, the
group IV semiconductor may include silicon, germanium or
silicon germamum. The substrate 101 may be provided as a
bulk wafer, an epitaxial layer, a silicon on insulator (SOI)
layer, a semiconductor on 1nsulator (SeOl) layer, or the like.

The active region 105 may be defined 1n the substrate 101
by the 1solation layers 110 and may be disposed to extend in
a first direction, for example, the x direction. The active
region 105 may have an active fin structure protruding from
the substrate 101. The active region 105 may be disposed
such that an upper end thereof protrudes from top surfaces
of the 1solation layers 110 by a predetermined height. The
active region 105 may include a portion of the substrate 101,
or may include an epitaxial layer grown from the substrate
101. A portion of the active region 105 on the substrate 101
may be recessed on opposite sides adjacent to the gate
structure 160, and the source/drain region 150 may be
disposed on the recessed portion of the active region 105.
Accordingly, the active region 105 may have a relatively
greater height below the channel structure 140 and the gate
structure 160, as illustrated in FIG. 2. In some embodiments,
the active region 105 may include impurities, and at least
portions of the active regions 105 may include impurities
having conductivity types opposite to each other, but an
example embodiment of the active regions 103 1s not limited
thereto.

The 1solation layer 110 may define the active region 105
on the substrate 101. The 1solation layer 110 may be formed
by, for example, a shallow trench 1solation (ST1) process.
The 1solation layer 110 may be formed to expose upper
sidewalls of the active regions 105. In some embodiments,
the 1solation layer 110 may include a region extending
deeper to a lower portion of the substrate 101 between the
active regions 105. The 1solation layer 110 may have a
curved top surface having a level becoming higher m a
direction to the active region 105, but a shape of the top
surface of the 1solation layer 110 1s not limited thereto. The
1solation layer 110 may be formed of an insulating material.
The 1solation layer 110 may be, for example, an oxide, a
nitride, or a combination thereotf. As i1llustrated in FIG. 2, the
isolation layer 110 may have different heights of the top
surface below and outside of the gate structure 160. Such
variation in shape 1s formed depending on the manufacturing,
process, and the height difference of the top surface may be
changed according to example embodiments.

The channel structure 140 includes first to third channel
layers 141, 142, and 143, a plurality of channel layers,
disposed on the active region 105 to be spaced apart from
cach other 1n a direction perpendicular to the top surface of
the active region 105, for example, a z direction. The first to
third channel layers 141, 142, and 143 may be spaced apart
from the top surface of the active region 105 while being
connected to the source/drain regions 150. Each of the first
to third channel layers 141, 142, and 143 may have a width
equal or similar to a width of the active region 105 m a y
direction, and may have a width equal or similar to a width
of the gate structure 160 1n the x direction. However, in some
embodiments, the first to third channel layers 141, 142, and
143 may have decreased widths such that side surfaces
thereol are disposed below the gate structure 160 1n the x
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direction. Each of the first to third channel layers 141, 142,
and 143 may be formed of a semiconductor material and
may 1nclude at least one of silicon (S1), silicon germanium
(S1Ge), and germanium (Ge). The first to third channel
layers 141, 142, and 143 may be formed of, for example, the
same material as that of the substrate 101. The number and
shape of the channel layers 141, 142, and 143, constituting,
a single channel structure 140, may be variously changed
according to example embodiments.

The source/drain regions 150 may be disposed on active
regions 105 at opposite sides adjacent to the gate structure
160. The source/drain regions 150 may be provided as a
source region or a drain region of a transistor. Each of the
source/drain regions 150 may be disposed such that an upper
surface thereot 1s higher than an uppermost surface of the
channel structure 140, and may be an elevated source/drain
disposed to be higher than a bottom surface of the gate
clectrode 165 on the channel structure 140.

The source/drain regions 150 may be disposed on a region
in which a portion of the active region 105 1s recessed
between the channel structures 140 and the gate structures
160 adjacent to each other in the x direction. The source/
drain regions 150 may extend from a sidewall of the active
region 105 to be inclined with respect to an upper surface of
the substrate 101 at opposite sides adjacent to the gate
structure 160, as illustrated 1n a cross-section view taken 1n
the vy direction. The source/drain regions 150 may have a
major width 1n the y direction 1n a region disposed adjacent
to the first channel layer 141, a lowermost layer adjacent to
the active region 105 among the plurality of channel layers
141, 142, and 143, for example, a region, disposed adjacent
to the first channel layer 141 1n the direction, having a height
corresponding to a height of the first channel layer 141. The
source/drain regions 150 may have relatively decreased
widths 1 regions disposed adjacent to the overlying first and
second channel layers 142 and 143, for example, regions,
disposed adjacent to the second and third channel layers 142
and 143, each having a height corresponding to a height at
which the second and third channel layers 142 and 143 are
disposed. In the source/drain regions 150, an inclined sur-
face, extending from the sidewall of the active region 105,
may be a facet provided along a crystal plane, for example,
a <111> facet. Shapes of the source/drain regions 150 will
be described 1n further detail later with reference to FIGS.
3A to 5.

The source/drain regions 150 may be formed of a semi-
conductor material. For example, the source/drain regions
150 may 1nclude at least one of silicon germanium (S1Ge),
silicon (S1), silicon arsenic (S1As), silicon phosphide (S1P),
and silicon carbide (S1C). Specifically, the source/drain
regions 150 may be formed of an epitaxial layer. For
example, the source/drain regions 150 may include n-type
doped silicon (S1) and/or p-type doped silicon germanium
(S1Ge). In example embodiments, the source/drain regions
150 may include a plurality of regions including elements
having different concentrations, and/or doping elements. In
addition, 1n example embodiments, the source/drain regions
150 are connected to each other on two or more active
regions 105 disposed adjacent to each other, or may be
merged to form a single source/drain region 150.

The gate structure 160 may be disposed to intersect the
active regions 105 and the channel structures 140 above the
active regions 105 and the channel structures 140 to extend
in one direction, for example, the y direction. Channel
region of transistors may be formed in the active regions 1035
and the channel structures 140 intersecting the gate structure
160. The gate structure 160 includes a gate electrode 165, a
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gate dielectric layer 162 between the gate electrode 165 and
the plurality of channel layers 141, 142, and 143, spacer
layers 164 on side surfaces of the gate electrode 165, and a
gate capping layer 166 on a top surface of the gate electrode
165.

The gate dielectric layer 162 may be disposed between the
active region 103 and the gate electrode 165 and between the
channel structure 140 and the gate electrode 165, and may
be disposed to cover at least a portion of a surface of the gate
clectrode 165. For example, the gate dielectric layer 162
may be disposed to surround all surfaces except for an
uppermost surface of the gate electrode 165. The gate
dielectric layer 162 may extend between the gate electrode
165 and the spacer layers 164, but extension of the gate
dielectric layer 162 1s not limited thereto. The gate dielectric
layer 162 may include an oxide, a nitride, or a high-k
material. The high-k material may refer to a dielectric
material having a dielectric constant higher than a dielectric
constant of silicon oxide (510,). The high-k material may
include one of, for example, aluminum oxide (Al,O,),
tantalum oxide (Ta,O,), titammum oxide (T10,), yttrium
oxide (Y,0O;), zircontum oxide (Zr0O,), zircontum silicon
oxide (ZrS1,0,), hatnium oxide (HfO,), hatnium silicon
oxide (H151,0,), lanthanum oxide (La,O;), lanthanum alu-
minum oxide (LaAl O,), lanthanum hatnium oxide
(LaHt O,), hatnium aluminum oxide (HfAlL O,), and pra-
secodymium oxide (Pr,O,).

The gate electrode 165 may be disposed over the active
region 105 to extend to an upper portion of the channel
structure 140 while filling spaces between the plurality of
channel layers 141, 142, and 143. The gate electrode 165
may be spaced apart from the plurality of channel layers
141, 142, and 143 by the gate dielectric layer 162. The gate
clectrode 165 may include a conductive material, and may
include a metal nitride such as titammum nitride (TiN),
tantalum nitride (TaN), or a tungsten mitride (WN), and/or a
metal material such as aluminum (Al), tungsten (W), or
molybdenum (Mo), or a semiconductor material such as
doped polysilicon. The gate electrode 165 may have a
multilayer structure including two or more layers. The gate
clectrode 165 may be divided between at least some of
adjacent transistors by an additional division portion,
depending on the configuration of the semiconductor device
100.

The spacer layers 164 may be disposed on both side
surfaces of the gate electrode 165 on the channel structure
140. The spacer layers 164 may insulate the source/drain
regions 150 and the gate electrodes 165 from each other,
together with internal spacer layers 130. In some embodi-
ments, the spacer layers 164 may have a multilayer struc-
ture. The spacer layers 164 may include an oxide, a nitride,
and oxynitrides. Specifically, the spacer layers 164 may
include a low-k dielectric layer. Active spacer layers 164F
may be formed simultaneously 1in the same process as the
spacer layers 164, and thus, may include the same material
as the spacer layers 164. The active spacer layers 164F may
be disposed on the upper sidewalls of the active regions 105
exposed by the 1solation layers 110 at opposite sides adja-
cent to the gate structure 160.

The gate capping layer 166 may be disposed on an
uppermost surface of the gate electrode 165, and a lower
surface and side surfaces thereof may be surrounded by the
gate electrode 165 and the spacer layers 164, respectively.
The gate capping layer 166 may include an oxides, a
nitrides, and an oxynitride.

The internal spacer layers 130 may be disposed parallel to
the gate electrode 1635 between spaces of the channel struc-
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ture 140. Below the third channel layer 143, the gate
clectrode 165 may be spaced apart from the source/drain
regions 150 by the internal spacer layers 130 to be electri-
cally msulated from the source/drain regions 150. The
internal spacer layers 130 may have a shape 1n which a side
surface, facing the gate electrode 163, 1s convexly rounded
inwardly toward the gate electrode 165, but a shape of the
internal spacer layers 1s not limited thereto. The internal
spacer layers 130 may include an oxide, a nitride, and an
oxynitride. Specifically, the internal spacer layers 130 may
include a low-k dielectric layer. In some embodiments, the
internal spacer layers 130 may be omitted. In this case, the
gate electrode 165 may be disposed to extend between the
spaces of the channel structure 140, and a side surface of the
gate electrode 165 along the x direction may be disposed to
be vertically parallel to a side surface of the channel struc-
ture 140.

The interlayer insulation layer 190 may be disposed to
cover top surfaces of the source/drain regions 150, the gate
structures 160, and the 1solation layers 110. The interlayer
insulation layer 190 may include at least one of, for example,
an oxide, a nitride, and an oxynitride, and may include a
low-k dielectric material.

The contact plug 180 may be connected to the source/
drain region 150 to apply an electrical signal to the source/
drain region 150. The contact plug 180 may penetrate
through the interlayer insulation layer 190 to vertically
extend. The contact plug 180 may be disposed on the
source/drain region 150, as illustrated 1n FIG. 1. In some
embodiments, the contact plug 180 may be disposed to have
a length greater than a length of the source/drain region 150
in the y direction. The contact plug 180 may have an inclined
side surface, having a lower portion narrower than an upper
portion, depending on an aspect ratio, but a shape of the
contact plug 180 1s not limited thereto. The contact plug 180
may be disposed to recess the source/drain region 150 to a
predetermined depth. The contact plug 180 may extend to,
for example, a portion lower than the third channel layer
143. The contact plug 180 may be recessed to, for example,
an upper surface of the second channel layer 142, but
recessing ol the contact plug 180 1s not limited thereto. In
example embodiments, the contact plug 180 may be dis-
posed to be 1n contact with the source/drain region 150 along
the top surface of the source/drain region 150 without
recessing the source/drain region 150.

FIGS. 3A and 3B are a top view and a cross-sectional
views of a semiconductor device according to example
embodiments, respectively. FIGS. 3A and 3B illustrate an
enlarged version of region ‘A’ of FIG. 1 and an enlarged
version of region ‘B’ of FIG. 2, respectively.

Referring to FIGS. 3A and 3B, the source/drain region
150 may extend further than the active region 105, to
opposite sides adjacent to the gate structure 160 in the y
direction and may include a plurality of regions, each having
a width greater than a width of the active region 105. The
source/drain region 150 has a first region including a first
point P1 having a first major width W1 from a lower portion
thereof, a second region including a second point P2 having
a second major width W2 less than the first major width W1,
and a third region P3 having a third major width W3 less
than the first major width W1. The first major width W1 of
the first point P1 may be a major width of the first region in
the y direction and may be a major width of the entire
source/drain region 1350 1n the y direction. The source/drain
region 150 may have a width greater than the active region
105 at least in the first to third points P1, P2, and P3, and
thus, may have a curvature. The shape of the source/drain
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region 150 may result from the fact that a lower portion of
the source/drain region 150 1s grown from the sidewall of the
active region 105 and an upper portion of the source/drain
region 150 has regions 1n which growth of the source/drain
region 150 1s limited due to the iternal spacer layers 130
described with reference to FIGS. 1 and 2.

The first point P1 may be a point in which the source/drain
region 150 1s grown from the top surface and the sidewalls
of the active region 105 and grown from the side surface of
the first channel layer 141 1n the x direction to have a major
width. Specifically, the source/drain region 150 may be
grown from the sidewall of the active region 105 to the first
point P1 while forming a facet provided along a crystal
plane. Accordingly, in the source/drain region 150, a side
surface extending to the first point P1 may form a specific
angle 0 depending on a crystal plane. For example, when
forming a [111] facet, the angle 0 may be about 54.7 degrees.
A side surface of an upper portion of the first point P1 may
also be a facet depending on a crystal plane. Accordingly,
side surfaces of upper and lower portions on the basis of the
first point P1 may be facets, and the source/drain region 150
may have the major width on a boundary between the facets.
The first point P1 may be disposed at a height between the
first channel layer 141 and the active region 105, but a
detailled height may be wvariously changed in example
embodiments. For example, the first point P1 may be
disposed at a height between an upper surface of the first
channel layer 141 and an upper surface of the active region
105. For example, the first point P1 may be disposed at a
height between a lower surface of the first channel layer 141
and an upper surface of the active region 105. The location
of the first point P1 may be controlled by a first length 1.1,
at which the sidewall of the active region 105 15 exposed by
active spacer layers 164F, and a second length 1.2, a length
between the top surface of the active region 105 and a lower
surface of the first channel layer 141. The second length 1.2
may be controlled by a depth at which the active region 105
1s recessed 1n the source/drain region 150 during a manu-
facturing process.

When a length from a point, 1n which the active region
105 1s exposed, to a height of a middle of the first and second
channel layers 141 and 142 1s defined as a third length L3,
a Tourth length L4, at which the first point P1 protrudes from
an extension line of a side surface of the first channel layer
141 or the active region 105 1n the y direction, may be
approximately calculated by (LL3/2)/tan 0. Accordingly, the
fourth length .4 may be increased as a first length L1, at
which the sidewall of the active region 105 1s exposed by the
active spacer layers 164F, and a second length 1.2 between
the top surface of the active region 103 and the lower surface
of the first channel layer 141 are increased. In example
embodiments, the fourth length .4 may range from about 7
nm to 20 nm. When a length, at which the second point P2
protrudes from an extension line of a side surface of the
second channel layer 142 or the active region 105 1n the v
direction, 1s defined as a fifth length L5, the length LS may
also be calculated in a manner similar to the calculation
manner of the fourth length L.4. In example embodiments, a
ratio of the fifth length L5 to the fourth length L4 (IL5/1L.4)
may range from about 0.4 to about 0.7. The range may be
controlled by changing thicknesses and a spacing distance of
the first and second channel layers 141 and 142 and the first
and second lengths L1 and L2.

The second point P2 and the third point P3 may be
disposed at heights corresponding to the second channel
layer 142 and the third channel layer 143, respectively. As
illustrated 1n FIG. 3A, the second poimnt P2 and the third
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point P3 may be disposed 1n substantially the same position
on a plane. For example, the second major width W2 and the
third major width W3 may be substantially the same, but are
not limited thereto. According to embodiments, the third
major width W3 may be less than the second major width
W2. In this case, the first point P1, the second point P2, and
the third point P3 may be sequentially disposed from outside
of the source/drain region 150 1n the y direction on a plane.

The source/drain region 150 may include regions, each
having a decreased width, between the first to third points
P1, P2, and P3. For example, the source/drain region 150
may include regions, each having a decreased width between
the first point P1 and the second point P2 and between the
second point P2 and the third point P3 and regions, each
having a local minimum width. The minimum width may be
proximate to, for example, the width of the active region
105, but 1s not limited thereto. The regions, each locally
having a mimimum width, may be disposed at a height
corresponding to, for example, a height at which the internal
spacer layers 130 are disposed. Accordingly, the source/
drain region 150 may have a curvature corresponding to
dispositions of the plurality of channel layers 141, 142, and
143 and internal spacer layers 130, and may have a gently
curved top surface above the third point P3. As 1llustrated 1n
FIG. 3B, the source/drain region 150 may have an external
side surface having facets 1n at least one region between the
first to third points P1, P2, and P3.

FIG. 4 1s a cross-sectional view of a semiconductor device
according to example embodiments. FIG. 4 1llustrates an
enlarged version of a region corresponding to the region ‘B’
of FIG. 2.

Referring to FIG. 4, various types of contact plugs 180,
180a, and 1806 according to example embodiments are
illustrated together with a source/drain region 150 and a
contact plug 180 to describe a disposing relationship
between the source/drain region 150 and the contact plug
180.

The contact plugs 180, 180a, and 1805 may be disposed
to recess an upper portion of the source/drain region 150 to
a predetermined depth RD from an upper surface thereof.
The recessed depth RD may be a height substantially
corresponding to an upper surface of a second channel layer
142. However, the recessed depth RD 1s not limited thereto
and may be variously changed 1n example embodiments. A
person having ordinary skill the art would know when the
recessed depth RD 1s relatively large, the source/drain region
150 may be decreased in volume to insutliciently perform
clectrical functions. When the recessed depth RD 1s rela-
tively small, the source/drain region 1350 and the contact
plugs 180, 1804, and 1805 may not be electrically connected
to each other due to a process variation.

The contact plugs 180, 180a, and 1805 according to
example embodiments may have diflerent widths, which are
sequentially increased in the y direction. Similarly to the
contact plug 1805, when the contact plug 1805 has a width
greater than a width of the source/drain region 150 1n contact
with the contact plug 18056, an upper portion of the source/
drain region 150 1s removed at opposite sides adjacent to a
gate structure 160 by the recessed depth RD. Accordingly, 1in
an ultimate structure of a semiconductor device, a shape of
the source/drain region 150 may also be diflerent depending
on widths of the contact plugs 180, 180a, and 1805.

FIGS. SA to 5C are cross-sectional views of a semicon-
ductor device according to example embodiments. FIGS. 5A
to 5C 1llustrate enlarged versions of a region corresponding
to the region ‘B’ of FIG. 2, respectively.
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Referring to FIG. 5A, a source/drain region 150a may
have a shape 1n which facets are generally alleviated while
including first to third points P1, P2, and P3, each having a
locally large width, and including the first point P1 having
a major width, as illustrated 1in FIG. 3A. For example, the
source/drain region 150a may have a curvature correspond-
ing to a plurality of channel layers 141, 142, and 143. Such
a shape may be controlled depending on a material of the
source/drain region 150aq. For example, when the source/
drain region 150q includes impurities occupying an inter-
stitial site, the source/drain region 150aq may be grown to
have such a curved external surface. In this case, the
source/drain region 150a may be formed of, for example,
silicon phosphide (S1P).

Referring to FIG. 3B, a source/drain region 15056 may
have a box-shaped upper portion which does not include a
third point P3 while including first and points P1 and P2,
cach having a locally large width, and including the first
point P1 having a major width, as illustrated in FI1G. 3A. The
source/drain region 1505 may have a fourth width W4,
smaller than a first width W1 of the first point P1, at a height
corresponding to a third channel layer 143. The fourth width
W4 may be smaller than a second width W2a of the second
point P2, or may be similar to the second width W2a. Even
in this case, the source/drain region 1505 may have an
inclined surface up to the first point P1 having a major width.

Referring to FIG. 5C, a source/drain region 150¢ may be
disposed such that a portion of the source/drain region 150c¢
1s grown onto active spacer layers 164F from a lower end
thereol to contact the active spacer layers 164F. Accordingly,
the source/drain region 150c¢ may have a shape, 1n which a
surface extending from a sidewall of an active region 105 to
a first pomnt P1 includes a plurality of surfaces or curved
surfaces rather than a single facet, while including the first
point P1 having a major width. Such a shape of the source/
drain region 150c¢ may appear when a lower end portion
thereol 1s not grown along a crystal plane under growth
conditions of the source/drain region 150¢. An upper portion
of the source/drain region 150c¢ 1s provided with second and
third points P2 and P3, each having a locally large width, but
the source/drain region 150c¢ may have a box shape, as
illustrated 1n FIG. 5B, 1n some embodiments.

FIG. 6 1s a cross-sectional view of a semiconductor device
according to example embodiments. FIG. 6 illustrates a
region corresponding to a cross section taken along line II-1I'
of FIG. 1.

Referring to FIG. 6, a semiconductor device 100a may
include an active region 1054 and a channel structure 140a
having widths different from those 1n the example embodi-
ment of FIG. 2. The active region 105a and the channel
structure 140aq may have relatively smaller widths, such that
a plurality of channel layers 141a, 142a, and 143a of the
channel structure 140aq may each have a circular shape or an
clliptical shape, 1n which a diflerence between lengths of a
major axis and a minor axis 1s relatively small, on a cross
section 1 a y direction. For example, in the example
embodiment of FIG. 2, each of the plurality of channel
layers 141, 142, and 143 may have a width of about 20 nm
to 50 nm 1n the y direction and, 1n this embodiment, each of
the plurality of channel layers 141a, 142a, and 143a may
have a width of about 3 nm to 12 nm in the y direction. As
described above, 1 example embodiments, widths and
shapes of the active region 105a and the channel structure
140a may be variously changed.

FIGS. 7A to 7] are cross-sectional views illustrating a
method of manufacturing a semiconductor device according,
to example embodiments. In FIGS. 7A to 7], an example
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embodiment of a method of manufacturing the semiconduc-
tor device of FIGS. 1 and 2 will be described and cross
sections corresponding to FIG. 2 are illustrated.

Retferring to FIG. 7A, sacrificial layers 120 and channel
layers 141, 142, and 143 may be alternately stacked on a
substrate 101.

The sacnificial layers 120 may be layers replaced with a
gate dielectric layer 162 and a gate electrode 165 1n a
subsequent process, as illustrated 1n FIG. 2. The sacrificial
layers 120 may be formed of a matenial having an etching
selectivity with respect to the channel layers 141, 142, and
143. The channel layers 141, 142, and 143 may include a
maternial different from a material of the sacrificial layers
120. The sacrificial layers 120 and channel layers 141,142
and 143 include a semiconductor material including at least
one of silicon (S1), silicon germanium (S1Ge), and germa-
nium (Ge) and may nclude different materials. The sacri-
ficial layers 120 and channel layers 141,142 and 143 may or
may not include impurities. For example, the sacrificial
layers 120 may include silicon germanium (S1Ge), and the
channel layers 141, 142 and 143 may include silicon (S1).

The sacrificial layers 120 and the channel layers 141, 142,
and 143 may be formed by performing an epitaxial growth
process using the substrate 101 as a seed. Each of the
sacrificial layers 120 and channel layers 141, 142, and 143
may have a thickness ranging from about 1 A to 100 nm. The
number of the channel layers 141, 142, and 143, stacked
alternately with the sacrificial layer 120, may be variously
changed 1n example embodiments.

Referring to FIG. 7B, a stacked structure of the sacrificial
layers 120 and the channel layers 141, 142, and 143 and a
portion of the substrate 101 may be removed to form active
structures.

The active structure may include sacrificial layers 120 and
channel layers 141, 142, and 143 alternately stacked with
cach other. The active structure may further include active
regions 105 formed by removing a portion of the substrate
101 to protrude to an upper surfaced of the substrate 101.
The active structures may be formed in a linear shape
extending 1n one direction, for example, the x direction 1n
FIG. 1, and may be spaced apart from each other in the y
direction.

In a region 1n which a portion of the substrate 101 1s
removed, 1solation layers 110 may be formed by filling the
region with an 1nsulating material and recessing the 1nsu-
lating material such that the active regions 105 protrude. Top
surfaces of the 1solation layers 110 may be formed to be
lower than top surface of the active regions 105.

Referring to FIG. 7C, sacrificial gate structures 170 and
spacer layers 164 may be formed on the active structures.

Each of the sacrificial gate structures 170 may be a
sacrificial structure formed in a region, 1n which a gate
dielectric layer 162 and a gate electrode 165 are disposed
above the channel structures 140, 1n a substrate process, as
illustrated 1n FIG. 2. The sacrificial gate structure 170 may
include first and second sacrificial gate layers 172 and 175,
and a mask pattern layer 176, which are sequentially
stacked. The first and second sacrificial gate layers 172 and
175 may be patterned using a mask pattern layer 176. The
first and second sacrificial gate layers 172 and 175 may be
respectively an msulating layer and a conductive layer, but
are not limited thereto. The first and second sacrificial gate
layers 172 and 175 may be provided as a single layer. For
example, the first sacrificial gate layer 172 may include a
silicon oxide and the second sacrificial gate layer 175 may
include polysilicon. The mask pattern layer 176 may include
a silicon oxide and/or a silicon mitride. The sacrificial gate
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structures 170 may have a linear shape extending in one
direction while intersecting the active structures. The sacri-
ficial gate structures 170 may extend, for example, 1n the y
direction of FIG. 1 and be spaced apart from each other 1n
the x direction.

The spacer layers 164 may be formed on both sidewalls
of the sacrificial gate structures 170. With the spacer layers
164, active spacer layers 164F may also be formed on both
sidewalls of the active structures exposed from the sacrificial
gate structures 170. The spacer layers 164 and the active
spacer layers 164F may be formed by forming a layer having
a uniform thickness along top and side surfaces of the
sacrificial gate structures 170 and the active structures and
anisotropically etching the layer having a uniform thickness.
The spacer layers 164 and the active spacer layers 164F may
be formed of the same material. The spacer layers 164 and
the active spacer layers 164F may be formed of a low-k
dielectric material and may include at least one of, for
example, S10, SiN, SiCN, S10C, S10N, and S10CN.

Referring to FIG. 7D, the sacrificial layers 120 and
channel layers 141, 142, and 143 exposed between sacrifi-
cial gate structures 170 may be removed to form channel
structures 140.

The exposed sacrificial layers 120 and the exposed chan-
nel layers 141, 142, and 143 may be removed using the
sacrificial gate structures 170 and spacer layers 164 as
masks. Accordingly, the channel layers 141, 142, and 143
cach may have a limited length 1n the x dlrectlon and
constitute the channel structure 140. In example embodi-
ments, portions of the sacrificial layers 120 and a portion of
the channel structure 140 may be removed from side sur-
taces thereol below the sacrificial gate structures 170, such
that both sides thereof may be disposed below the sacrificial
gate structures 170 and the spacer layers 164.

In this process, portions of the active regions 105 may
also be recessed and removed from top surfaces thereof. In
addition, portions of the active spacer layers 164F, disposed
on both sidewalls of the active structures, are removed while
the sacrificial layers 120 and channel layers 141, 142, and
143 are removed, and portions thercol may be further
removed during a process of recessing the active regions
105.

The active spacer layers 164F are controlled to remain by
changing conditions of the processes such that upper side-
walls of the active regions 105 are exposed by a predeter-
mined length L1, as illustrated in the drawing. According to
embodiments, the length .1 may be varied within a range of
exposing the upper sidewalls of the active regions 105.
According to embodiments, in this process, portions of the
spacer layers 164 on both sidewalls of the sacrificial gate
structures 170 may also be removed from upper portions
thereol to a predetermined depth. In example embodiments,
the active spacer layers 164F may be removed through an
additional process to be formed 1n such a manner.

Referring to FIG. 7E, portions of the exposed sacrificial
layers 120 may be removed from side surfaces thereof.

The sacrificial layers 120 may be etched selectively with
respect to the channel structures 140 by, for example, a wet
ctching process, to be removed from the side surfaces
thereol to a predetermined depth in the x-direction. The
sacrificial layers 120 may have inwardly recessed side
surfaces due to such side etching. However, shapes of the
side surfaces of the sacrificial layers 120 are not limited to
those illustrated in the drawing.

Referring to FIG. 7F, mternal spacer layers 130 may be
formed 1n regions in which the sacrificial layers 120 are
removed.
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The internal spacer layers 130 may be formed by filling
the regions, 1n which the sacrificial layers 120 are removed,
with an insulating material and removing the insulating
material deposited on outside of the channel structures 140.
The internal spacer layers 130 may be formed of the same
material as the spacer layers 164, but a material of the
internal spacer layers 130 1s not limited thereto. For
example, the internal spacer layers 130 may include at least
one of SiN, SiCN, S10CN, SiBCN, and SiBN.

When the active spacer layers 164F are formed to be
higher than the upper sidewalls of the active regions 105,
rather than being formed to expose the upper sidewall of the
active regions 105 in the above process referring to FI1G. 7D,
a material of the internal spacer layers 130 may remain
between the active spacer layers 164F and the active region
105 1n this process. In this case, growth of the source/drain
regions 150 may be hampered and the volume of the
source/drain regions 150 may be decreased in a subsequent
process to degrade electrical characteristics of the semicon-
ductor device. However, according to example embodi-
ments, since the active spacer layers 164F are formed to
expose the upper sidewalls of the active regions 105, the
material of the mternal spacer layers 130 does not remain in
regions, 1 which the source/drain regions 150 are to be
formed, 1n this process. Therefore, the growth of the source/
drain regions 150 may not be hampered.

Reterring to FIG. 7G, source/drain regions 150 may be
formed on active regions 105 at opposite sides adjacent to
the sacrificial gate structures 170.

The source/drain regions 150 may be formed by perform-
ing a selective epitaxial growth process using the active
regions 105 and the channel structures 140 as seeds. The
source/drain regions 150 may be connected to the channel
layers 141, 142, and 143 of the channel structures 140
through side surfaces thereof and may be 1n contact with the
internal spacer layers 130 between the channel layers 141,
142, and 143.

Since the source/drain regions 150 are grown from the
sidewalls of the active regions 105 on a cross sectionmn ay
direction, each of the source/drain regions 150 may be
grown with a facet provided along a crystal plane m an
epitaxial growth process. For example, the source/drain
regions 150 may be grown to form a side surface inclined
with respect to an upper surface of the active regions 105
while being grown on a (100) plane, the top surface of the
active regions 105, at a relatively high speed in a direction
perpendlcular to the top surface. Thus, the source/drain
regions 150 may include a region having a major width,
disposed between the source/drain regions 150 and the first
channel layer 141. The source/drain regions 150 may
include impurities doped during the growth process or after
the growth process.

Referring to FIG. 7H, an interlayer msulation layer 190
may be formed, and the sacrificial layers 120 and the
sacrificial gate structures 170 may be removed.

The interlayer insulation layer 190 may be formed by
forming an insulating layer to cover the sacrificial gate
structures 170 and the source/drain regions 150 and per-
forming a planarization process.

The sacrificial layers 120 and the sacrificial gate struc-
tures 170 may be selectively removed with respect to the
spacer layers 164, the interlayer insulation layer 190, and the
channel structures 140. After the sacrificial gate structures
170 are removed to form upper gap regions UR, the sacri-
ficial layers 120, exposed through the upper gap regions UR,
may be removed to form lower gap regions LR. For
example, when the sacrificial layers 120 includes silicon




US 11,862,733 B2

13

germanium (S1Ge) and the channel structures 140 includes
silicon (S1), the sacrificial layers 120 may be selectively
removed by performing a wet etching process using a
peracetic acid as an etchant. During the removal process, the
source/drain regions 150 may be protected by an interlayer
insulation layer 190 and the internal spacer layers 130.

Referring to FIG. 71, gate dielectric layers 162 may be
formed 1n the upper gap regions UR and the lower gap
regions LR.

The gate dielectric layers 162 may be formed to confor-
mally cover internal surfaces of the upper gap regions UR
and the lower gap regions LR.

Referring to FIG. 71, gate electrodes 165 may be formed
to fill the upper and lower gap regions UR and LR, and a
gate capping layer 166 may be formed on the gate electrodes
165.

After the gate electrodes 165 are formed to completely fill
the upper gap regions UR and the lower gap regions LR,
they may be removed from upper portion thereof in the
upper gap regions UR to a predetermined depth. The gate
capping layer 166 may be formed 1n the region in which the
gate electrodes 1635 are removed 1n the upper gap regions
UR. Thus, gate structures 160, including the gate dielectric
layer 162, the gate electrode 163, the spacer layers 164, and
the gate capping layer 166, may be formed.

Next, referring to FIG. 2, contact plugs 180 may be
formed.

First, the interlayer insulation layer 190 may be patterned
to form contact holes, and a conductive material may fill the
contact holes to form the contact plugs 180. The contact
holes may be formed by removing the interlayer insulation
layer 190 at opposite sides adjacent to the gate structure 160
using an additional mask layer such as a photoresist pattern.
Bottom surfaces of the contact holes may be recessed into
the source/drain regions 150 or may have a curvature along
the top surface of the source/drain regions 150. In example
embodiments, shapes and dispositions of the contact plugs
180 may be variously changed.

As described above, a structure and a shape of a source/
drain region may be controlled to provide a semiconductor
device having improved electrical characteristics.

While example embodiments have been shown and
described above, 1t will be apparent to those skilled 1n the art
that modifications and variations could be made without
C
C

eparting from the scope of the present inventive concept as
efined by the appended claims.

What 1s claimed 1s:
1. A method of manufacturing a semiconductor device,
comprising;

forming a stacked structure by alternately stacking sacri-
ficial layers and channel layers on a substrate;

removing a portion of the stacked structure extending in
a first direction; forming active regions extending in the
first direction by removing a portion of the substrate;

forming sacrificial gate structures extending in a second
direction to intersect the active regions, on the sub-
strate;

removing a portion of the stacked structure exposed
between the sacrificial gate structures and defining
channel structures including the channel layers having
a same length to each other 1n the second direction;

forming source/drain regions on the active regions, on
both sides of the sacrificial gate structures;

forming an interlayer insulating layer covering the source/
drain regions and filling a gap between the sacrificial
gate structures; and
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removing the sacrificial gate structures and forming gate
structures 1n regions in which the sacrificial gate struc-
tures are removed,

wherein the source/drain regions are grown from side-
walls of the active regions with facets provided along

a crystal plane,

the source/drain regions have first protruding points

and second protruding points sequentially located
from the active regions 1n a third direction perpen-
dicular to the first and second directions,

the first protruding points protrude further than the

second protruding points 1n the second direction, and

a protruding length of the first protruding points in the

second direction 1s controlled by and 1s positively

correlated with a contact length of the sidewalls of
the active regions and the source/drain regions 1n the
third direction.

2. The method of claim 1, wherein the source/drain
regions have a first width 1n the second direction between the
first protruding points and a second width, smaller than the
first width, 1n the second direction between the second
protruding points.

3. The method of claim 2, wherein at least one of the
source/drain regions has a width smaller than the first width
in a region above the first protruding points.

4. The method of claim 2, wherein the source/drain
regions have a third width, less than the first width and the
second width, between the first protruding points and the
second protruding points.

5. The method of claim 1, wherein the first protruding
points are 1 a level adjacent to a level of a lowermost
channel layer among the channel structures.

6. The method of claim 1, wherein the first protruding
points are 1n a level between upper surfaces of the active
regions and a lower surface of a lowermost channel layer
that 1s closest to the active regions among the channel layers.

7. The method of claim 1, wherein each of the channel
structures 1includes first to third channel layers stacked
sequentially from the active regions in the third direction,
and

the second protruding points are i a level adjacent to a

level of the second channel layer.

8. The method of claim 1, wherein each of the source/
drain regions has a first surface extending from the sidewalls
of the active regions inclined with respect to an upper
surface of the substrate along the crystal plane.

9. The method of claim 1, further comprising:

removing portions of the sacrificial layers from exposed

side surfaces of the sacrificial layers after defining the
channel structures; and

forming internal spacer layers in regions in which the

sacrificial layers are removed.

10. The method of claim 1, further comprising:

forming contact plugs connected to the source/drain

regions.

11. The method of claim 1, further comprising:

forming spacer layers on sidewalls of the sacrificial gate

structures.

12. The method of claim 11, wherein 1n the removing the
portion of the stacked structure exposed between the sacri-
ficial gate structures, the sacrificial gate structures and the
spacer layers are used as a mask.

13. The method of claim 1, wherein each of the active
regions 1s a structure of an active fin having an upper fin
surface and sides running in the first direction.

14. A method of manufacturing a semiconductor device,
comprising;
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forming a stacked structure by alternately stacking sacri-
ficial layers and first to third channel layers, the first to
third channel layers being stacked sequentially on a

substrate;

removing a portion of the stacked structure extending in
a first direction; forming active regions extending in the
first direction by removing a portion of the substrate;

forming 1solation layers between the active regions,
uppermost surfaces of the 1solation layers being lower
than an uppermost surface of the active regions to
expose sidewalls of the active regions;

forming a sacrificial gate structure extending 1n a second
direction to intersect the active regions, on the sub-
strate;

removing a portion of the stacked structure exposed by
the sacrificial gate structure and defining a channel
structure 1cluding the first to third channel layers;

forming a source/drain region on the sidewalls and an
upper suriace of the active regions, on at least one side
of the sacrificial gate structure; and

removing the sacrificial gate structure and forming a gate
structure 1 a region in which the sacrificial gate
structure 1s removed,

wherein the source/drain region has first protruding points
at a first level and second protruding points at a second
level, higher than the first level,

the source/drain region has a first width 1n the second
direction between the first protruding points and a
second width, smaller than the first width, 1n the second
direction between the second protruding points, and

a protruding length of the first protruding points in the
second direction 1s controlled by and i1s positively
correlated with a contact length of the sidewalls of the
substrate and the source/drain region.

15. The method of claim 14, wherein the first level 1s

below a level of an upper surface of the first channel layer.

16. The method of claim 15, wherein the first level 1s

above a level of an upper surface of the active regions.

17. The method of claim 14, wherein the second level 1s

adjacent to a level of the second channel layer.

18. The method of claim 17, wherein the second level 1s

between a level of an upper surface of the second channel
layer and a level of a lower surface of the second channel
layer.
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19. A method of manufacturing a semiconductor device,

comprising;

forming a stacked structure by alternately stacking sacri-
ficial layers and first to third channel layers, the first to
third channel layers being stacked sequentially on a

substrate;
removing a portion of the stacked structure extending in
a first direction; forming active regions extending 1n the
first direction by removing a portion of the substrate;
forming 1solation layers between the active regions;
forming a sacrificial gate structure extending in a second
direction to 1ntersect the active region, on the substrate;
removing a portion of the stacked structure exposed by
the sacrificial gate structure and defining a channel
structure including the first to third channel layers;
forming spacer layers contacting sidewalls of the active
regions;
forming a source/drain region on the active regions, on at
least one side of the sacrificial gate structure; and
removing the sacrificial gate structure and forming a gate
structure 1n a region i which the sacrificial gate
structure 1s removed,
wherein the source/drain region has first protruding points
at a first level, second protruding points at a second
level, higher than the first level, and third protruding
points at a third level, higher than the second level,
the source/drain region has a first width in the second
direction between the first protruding points, a sec-
ond width in the second direction between the sec-
ond protruding points, and a third width in the
second direction between the third protruding points,
the second width 1s smaller than the first width,
the third width 1s smaller than the first width and equal
to or smaller than the second width, and
a protruding length of the first protruding points in the
second direction 1s controlled by and 1s positively
correlated with a contact length of the sidewalls of
the substrate and the source/drain region.
20. The method of claim 19, wherein the source/drain

40 region has facets provided along a crystal plane, between the

first protruding points and the second protruding points and
between the second protruding points and the third protrud-
ing points.
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